Abstract: To probe the potential for enzymatic activity in unevolved amino acid sequence space, we created a combinatorial library of de novo 4-helix bundle proteins. This collection of novel proteins can be considered an ''artificial superfamily'' of helical bundles. The superfamily of 102-residue proteins was designed using binary patterning of polar and nonpolar residues, and expressed in Escherichia coli from a library of synthetic genes. Sequences from the library were screened for a range of biological functions including heme binding and peroxidase, esterase, and lipase activities. Proteins exhibiting these functions were purified and characterized biochemically. The majority of de novo proteins from this superfamily bound the heme cofactor, and a sizable fraction of the proteins showed activity significantly above background for at least one of the tested enzymatic activities. Moreover, several of the designed 4-helix bundles proteins showed activity in all of the assays, thereby demonstrating the functional promiscuity of unevolved proteins. These studies reveal that de novo proteins-which have neither been designed for function, nor subjected to evolutionary pressure (either in vivo or in vitro)-can provide rudimentary activities and serve as a ''feedstock'' for evolution.
Introduction
What were the functional capabilities of primitive proteins before they evolved into the active and specific biocatalysts that exist today? In 1976, Jensen suggested that ''primitive enzymes possessed a very broad specificity, permitting them to react with a wide range of related substrates.'' Further, he hypothesized that broad specificity would have facilitated life at the early stages of evolution because it would ''maximize the catalytic versatility of an ancestral cell that functioned with limited enzyme resources.'' 1 Jensen's hypothesis is difficult to test because unevolved proteins no longer exist, and the proteins in modern organisms have already been subjected to eons of selective pressure for specific biological functions. An alternative approach toward understanding the properties of unevolved sequence space is to create a collection of amino acid sequences de novo, thereby ensuring that the proteins are not biased by billions of years of evolutionary history. Assessing the properties of such collections would facilitate an understanding of the structural and functional capabilities of unevolved sequence space.
In principle, an ideal bias-free collection of proteins would be a combinatorial library of amino acid sequences constructed at random. However, the vast majority of random sequences do not fold into protein-like structures, [2] [3] [4] [5] [6] and thus would not be expected to exhibit biologically relevant activities. A more appropriate collection of sequences would still be combinatorially diverse, but would focus on a region of sequence space that favors folding into a stable threedimensional structure. 7 To provide such a collection,
we have designed and produced a library of sequences encoding an ''artificial superfamily'' of de novo 4-helix bundles. 8 [The term ''superfamily'' has been used in the literature to denote either a group of evolutionarily related proteins, or a group of structurally related proteins that are not necessarily of common ancestry (see http://pir.georgetown.edu/pirwww/otherinfo/sfdef.pdf).
Since our proteins were designed de novo, and not evolved in nature, we use the term ''superfamily'' to describe a collection of proteins with similar structures.] We previously reported the development of a ''binary code'' strategy for designing libraries of wellfolded de novo proteins. 9, 10 According to this strategy, the overall structure of a protein can be specified by designing the sequence periodicity of polar and nonpolar amino acids to match the structural periodicity of the desired secondary structure. Since only the type of residue-polar versus nonpolar-is designed explicitly, the strategy is inherently binary. Moreover, since the identities of the polar and nonpolar side chains are not specified explicitly, the strategy is well-suited for constructing vast combinatorial libraries of novel sequences. 8 We have used the binary code strategy to construct several libraries of a-helical or b-sheet proteins. [8] [9] [10] [11] [12] Because the designed b-sheet proteins often form insoluble aggregates, our current work on artificial superfamilies focuses on a-helical structures.
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The binary patterned design of a-helical sequences places a hydrophobic amino acid every three or four residues, generating the following pattern: OlOO llOOlOOllO, where O and l represent polar and nonpolar residues, respectively. 9, 10 Consistent with the 3.6 residues/turn periodicity of a canonical a-helix, this pattern encodes a-helices that are amphiphilic. When four such helices are linked, the hydrophobic effect 13 drives them to pack against one another, thereby forming a 4-helix bundle with nonpolar residues pointing towards the protein core, and polar residues exposed to solvent. The construction of binary patterned libraries is facilitated by the organization of the genetic code: Six polar residues (Lys, His, Glu, Gln, Asp, and Asn) can be encoded by the degenerate DNA codon VAN, and five nonpolar residues (Met, Leu, Ile, Val, and Phe) can be encoded by the degenerate codon NTN (V ¼ A, G, or C; N ¼ A, G, C, or T). Using these degenerate codons, we have constructed large libraries of synthetic genes. The encoded binary patterned proteins are then expressed in Escherichia coli and readily purified. 14 To date, we have constructed three libraries of binary patterned 4-helix bundles. The first library encoded 74-residue sequences, and produced structures that were mostly dynamic and only moderately stable. 9 Subsequently, a 2nd generation library was designed using an elongated template encoding 102 residues. Five proteins from the 2nd generation library were characterized in detail. 12 Of these, four were
shown to form stable well-ordered structures; and two of these were solved by NMR. 7, 15 Both proteins-S824
and S836-formed well-folded 4-helix bundles, and as designed, the hydrophobic residues were sequestered in the core and the hydrophilic residues were exposed on the exterior. Although the overall topologies of the two structures were similar, the sequences, local packing interactions, and dynamic properties were different.
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In addition to the structural studies of S824 and S836, the spectroscopic and thermodynamic properties of several proteins from the 1st and 2nd generation libraries were characterized. 9, 12 Taken together, these studies confirmed that the binary code for protein design can produce vast collections of folded a-helical proteins. Among these collections, some proteins are extremely stable and well ordered, while others are less stable and more dynamic. 7, 12, [16] [17] [18] Moreover, although not specifically designed for function, several proteins from the 1st and 2nd generation libraries were found to bind cofactor and/or catalyze reactions. [19] [20] [21] In the current study, we demonstrate that proteins from a 3rd generation library of binary patterned 4-helix bundles display a range of activities, thereby establishing the functional potential of an unevolved artificial superfamily of proteins.
Results

An artificial superfamily of de novo 4-helix bundles
Although the thermodynamic and structural properties of the 2nd generation library were appropriate for the functional studies described below, it was a small library with limited sequence diversity. To facilitate a more meaningful probe of the functional potential of a designed superfamily of proteins, we constructed a 3rd generation library comprising $10 6 binary patterned sequences designed to fold into 102-residue 4-helix bundles. The construction and biophysical characterization of this library are described elsewhere. 8, 22 The design template for this library is illustrated in Figure  S1 in the Supplementary Material. It must be emphasized that this library (and all previous binary patterned libraries) was designed for structure; no attempts were made to explicitly design binding or activity. Therefore, this library is well-suited for studying the functional potential of an unevolved superfamily of proteins.
De novo proteins from an artificial superfamily bind cofactors and display catalytic activity
The Enzyme Classification (EC) system 23 and the CATH databases (Class, Architecture, Topology, and Homologous superfamily) 24 show that many a-helical proteins in nature function as hydrolases or oxidoreductases. Two common types of hydrolases are esterases and lipases, and a well-studied class of oxidoreductases is the heme-based peroxidases, which convert hydrogen peroxide to water. As an initial probe of the binding and catalytic potential of our unevolved superfamily of novel proteins, we screened our new (3rd generation) library of helical proteins for heme binding, and for peroxidase, esterase, and lipase activities. Heme binding was detected by a bright red color and the presence of a Soret peak at 412 nm. The absorbance spectra in Figure 1 show typical results for the heme binding assay. Myoglobin, a natural heme protein, has a sharp Soret peak, as does a lysate from cells expressing a de novo 4-helix bundle protein from the 3rd generation library. In contrast, heme incubated with buffer shows only a broad absorbance from 300 to 450 nm. A similar featureless spectrum is observed for heme added to a clarified lysate prepared from cells harboring the empty vector (pET-3a). This demonstrates that background endogenous E. coli proteins do not exhibit significant heme binding, and assays for the ability of highly expressed de novo proteins to bind heme can be performed in the context of clarified E. coli lysates.
Representative results from 96-well plates are shown in Figure 2 (A). Samples with heme in buffer or in clarified lysates from cells harboring the empty pET-3a vector produce a dim green/brown color. In contrast, heme incubated with lysates from cells expressing a de novo 4-helix bundle protein produces a bright red color. This colorimetric assay for heme binding was performed on clarified lysates from cells harboring expression plasmids encoding 360 different de novo sequences. Figure 3 shows the spectra for each well in a typical 96-well plate. The variations in peak intensities are easily detected. Spectra for the negative controls, buffer and empty vector, are shown in wells A1 and B1, respectively. Soret peaks are not seen in either control. In contrast, a sharp Soret peak is clearly visible in wells C1-H1, which contain six pre- These samples also show a light green/brown color, indicating a low background from endogenous E. coli proteins. Column 3 shows heme incubated in lysates from cells expressing a de novo 4-helix bundle protein from the 3rd generation library. The pink/red color indicates heme binding. (B) Peroxidase activity using ABTS as a colorimetic assay. Column 1 shows the background peroxidase activity for heme in buffer. Column 2 shows the peroxidase activity for heme in lysates from cells containing the empty vector. This represents the peroxidase activity of background E. coli proteins. Column 3 shows the activity for heme added to lysates from cells expressing a 4-helix bundle protein from the 3rd generation library. Significant peroxidase activity produces the dark teal color.
Approximately 66% of the library shows heme binding, and half of these (33%) show relatively high levels of heme binding.
A number of natural heme proteins have peroxidase activity. The ability of our novel heme proteins to catalyze the peroxidase reaction was assayed using 2,2 0 -azino-di(3-ethyl-benzthiazoline-6-sulfonic acid) (ABTS) as a reducing agent. ABTS is frequently used to monitor peroxidase activity because conversion of ABTS to the oxidized form yields a teal color with an absorbance at 650 nm. A typical peroxidase assay is shown in Figure 2 (B), where the background activity shows very little color and the activity of the de novo 4-helix bundle protein is readily apparent. The de novo protein yields a dark teal color representing activity well above the background levels. This colorimetric assay was performed for the same 360 clones as the heme binding assay, and the absorbance levels were recorded at a single time point. As shown in the top right panel of Figure 4 , $50% of the sequences show some level of peroxidase activity, and several proteins show catalytic activity that is substantially above the background peroxidase activity in E. coli lysates.
The observed peroxidase activity of our de novo proteins, like that of natural peroxidases, depends on the binding of the redox-active heme cofactor. To assess whether catalytic activity could be found in our unevolved proteins even in the absence of cofactors, we assayed two hydrolytic activities: esterase and lipase. These activities were measured by monitoring the hydrolysis of p-nitrophenyl acetate and p-nitrophenyl palmitate, respectively. Both hydrolysis reactions yield p-nitrophenol, which is yellow and can be monitored at 405 nm. As shown in the bottom panels of Figure 4 , 30% of the library shows esterase activity and 20% of the library shows lipase activity above background.
The screens described above for heme binding and catalytic activity were performed on clarified cell lysates, rather than purified proteins. Therefore, it was important to demonstrate (i) that endogenous proteins in the E. coli lysates do not produce a significant signal, and (ii) that the de novo proteins express at levels far above the endogenous E. coli proteins. This first issue was addressed for heme binding and peroxidase activity as described earlier, and shown in Figures 1-3 . Similar controls showed that clarified lysates from cells harboring the empty vector did not display significant activity in the esterase and lipase assays (data not shown).
The second issue-expression level-was also assayed explicitly. Ninety-six clones were checked for expression, and as shown in Figure 5 (A), $70% of the de novo proteins express at high levels. Figure 5 (B) shows the correlation between protein expression, heme binding, and the three catalytic activities. A surprising result is the finding that nearly all of the de novo proteins that expressed were capable of binding the heme cofactor. Moreover, among the proteins that bind heme, nearly 80% show some level of peroxidase activity. For the hydrolase activities, $60% of the expressed proteins show esterase activity and 36% show lipase activity. An interesting observation is that $30% of the highly expressed proteins exhibit some level of activity for all of the functions (binding and catalysis) that were tested.
Kinetic profiles of purified proteins
The studies described earlier and presented in Figures 2-5 were performed on clarified cell lysates, thereby enabling rapid screening of nearly 400 samples for four different activities. Although these relatively high throughput screens allowed us to assess the frequencies of cofactor binding and catalytic activity in our unselected library, cell lysates are not suitable for quantifying the levels of activity of the de novo proteins. To enable quantitative studies, we purified several proteins from the collections. Six proteins were chosen for purification: S824 and S836 from the 2nd generation library were chosen because their high-resolution structures are known. 7, 15 WA20 and WA32 from the 3rd generation library were chosen because they had been characterized biophysically when this library was constructed. 22 Finally, T-C8 and T-D10 from the 3rd generation library were chosen solely based on their activity in the screens shown in Figure 4 . The proteins were purified using an acid precipitation step (to remove a significant fraction of E. coli contaminants) followed by cation exchange chromatography. Chromatograms for each protein and SDS-PAGE analysis of each step in the purification process are shown in Figure S2 in the Supplementary Material. These gels show that the purified samples are free of visible contaminants. The sequences of the purified proteins are shown in Figure 6 . All sequences follow the designed binary pattern, yet the specific side chains at each polar and nonpolar position differ from one protein to another. The kinetic data for these six purified proteins for peroxidase, esterase, and lipase activities are shown in Figure 7 and summarized in Table I . Table IA ]. Nonetheless, their activities are well below that of horseradish peroxidase. 25 This is not surprising, since HRP evolved to bind and transform peroxide, whereas the binary patterned de novo proteins were neither designed nor selected to catalyze this reaction. In the current studies, we compared the activities of the de novo proteins to that of myoglobin, which has moderate peroxidase activity. [26] [27] [28] Like our de novo proteins, myoglobin is an a-helical heme protein. Moreover, like our de novo proteins-and in contrast to natural peroxidases-myoglobin was not evolutionarily selected for peroxidase activity. As shown in Figure 7 (A) and Esterase activity. All six of the de novo proteins display rate enhancements (k cat /k uncat ) for esterase activity that are 100-1000-fold higher than background (Table IB ). Yet, not surprisingly, they are substantially less active than the naturally evolved porcine liver esterase (PLE). As shown in Figure 7 (B), the rate profiles appear similar to PLE when this natural esterase is used at 10,000-fold lower concentration. The higher activity of the natural enzyme is due primarily to increased turnover rather than enhanced binding; thus the de novo proteins have K M values similar to PLE, but k cat values that are $10,000-fold lower.
Lipase activity. As shown in Table IC , the de novo proteins produce rate enhancements (k cat /k uncat ) for lipase activity 100-1000-fold above background. These activities were compared to the natural lipase from Candida cylindracea. As shown in Figure 7 (C) and Table IC, and like the esterase activity, the de novo proteins are $10,000-fold less active than the naturally evolved enzyme. As was observed for the esterase activity, the lower activity is mostly due to effects on k cat , rather than K M . In summary, biochemical characterization of the purified de novo proteins confirms the results of the high throughput screens shown in Figure 4 : All six of the purified proteins display enzymatic activities that are substantially above background. Furthermore, individual proteins catalyze several different reactions. Although the rate enhancements provided by the de novo proteins are substantially below those of natural enzymes, this is exactly what would be expected when comparing proteins from an unevolved collection (a ''feedstock'' for evolution) to natural proteins that have been selected for function by eons of biological evolution.
The observed activities are not due to endogenous E. coli proteins
When assaying the activity of a de novo protein expressed in E. coli, it is essential to consider the possibility that the observed activity might be due to an endogenous bacterial protein. 29 We address this possibility both for our high throughput screens on cell lysates, and for our kinetic studies on purified proteins. To demonstrate that endogenous E. coli proteins are not responsible for the activities observed in cell lysates we consider the following two results: (i) Lysates from cells harboring the empty vector do not bind heme and do not catalyze the reactions. These controls for heme binding and peroxidase activity are shown in Figure 2 ; similar controls for the esterase and lipase reactions were also negative (data not shown). (ii) As shown in Figure 5 (B), lysates from cells that contain a de novo DNA sequence, but which fail to express a de novo protein do not display any of the measured activities. Some of these non-expressing clones contain intact sequences, while others contain frameshifts or stop codons. Either way, if there is no expression, there is no activity. Thus, the presence of a novel DNA sequence and/or the induction of the T7 expression system per se are not sufficient to yield activity. The observed activities require that the de novo protein must be expressed.
To further rule out contaminating E. coli proteins as the source of the observed activities, quantitative measurements of enzyme activity ( Fig. 7 and Table I) were performed on proteins that had been purified to a point where they were free of visible contaminants on SDS-PAGE gels (Fig. S2) . Nonetheless, one must consider the possibility that an E. coli protein that is too dilute to see on a gel might have co-purified with the de novo protein, and even at this dilution might have sufficient activity to account for the observed catalysis. This concern is addressed by the following two considerations: (i) In our initial work probing esterase activity in de novo proteins, we used a binary patterned sequence containing a stop codon at the third codon to control for the possibility that an E. coli protein had co-purified with our 4-helix bundles. Cells expressing this truncated sequence were subjected to the identical purification protocol used for an intact 4-helix bundle. Although the purified protein showed esterase activity, the same chromatographic fraction from the mock purification was not active. 21 (ii) The six proteins purified for the current study eluted from the ion exchange column at different positions in the salt gradient ( Fig. S2 and Table SI in Supplementary Material). An endogenous protein would not co-purify with all these fractions. In summary, we have carried out an extensive series of control experiments to convince ourselves that despite the surprising nature of our results, the observed activities are due to the de novo proteins themselves, and do not result from contamination by natural proteins from E. coli.
Discussion
A combinatorial library of de novo a-helical proteins was used to investigate the functional potential of an unevolved superfamily. The proteins were designed using the binary code strategy, which partitions polar and nonpolar side chains into the core and exterior of a structure, respectively. The proteins were not explicitly designed for any specific type of binding or activity; thus this library can be viewed at a model for the ''feedstock'' of evolution. Here, we have begun to assess the functional potential of this pre-evolved feedstock.
Most of the de novo designed proteins bind heme
Heme proteins are fairly abundant in nature, comprising 5% of proteins in the PDB. 30 Among natural heme proteins, the majority of structures are mainly a helical (77%). 30 Most of these form orthogonal a-helical structures, such as myoglobin and hemoglobin. However, heme proteins that form up-down 4-helix bundles (similar to proteins in our de novo superfamily) are not uncommon. Examples include cytochrome b562 and cytochrome c 0 .
In our designed superfamily of 4-helix bundles, the vast majority of sequences bind the heme co-factor. Indeed, for those proteins that expressed at levels sufficient for the assay, nearly all (99%) bind heme. Our finding that heme binding is so easily achieved by unevolved de novo a-helical proteins suggests that at early stages of biological evolution, promiscuous binding of the heme cofactor might have been fairly common among a-helical structures.
Cofactors, such as heme, can be thought of as ''pre-organized activity modules'' capable of endowing proteins with a range of functions that may be difficult or impossible to achieve using a polypeptide sequence alone. 20 Hence, cofactor binding would have enhanced ''the catalytic versatility of an ancestral cell that functioned with limited enzyme resources,'' 1 thereby providing early proteomes with a wider range of biochemical functions. With the passage of time, as proteins evolved towards specialized functions, some a-helical heme proteins became highly efficient as oxidoreductases (e.g., horseradish peroxidase), electron transfer agents (e.g., cytochromes), or oxygen carriers (e.g., hemoglobin). Other early a-helical heme proteins may have lost their ability to bind heme as they evolved towards functions seen in non-heme proteins today. For example, ROP is a 4-helix bundle that evolved to bind RNA and does not bind heme. Interestingly, it has been shown that by mutating just a few side chains, ROP can readily be converted into a heme binding protein.
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A majority of the de novo a-helical heme proteins possess peroxidase activity
The heme cofactor, with its pre-organized macrocycle, delocalized electrons in the porphyrin ring, and redoxactive metal is well-suited for catalyzing oxidoreductase reactions. In our unevolved library, fully 80% of the proteins that bound heme were also capable of catalyzing the peroxidase reaction. Among these, several showed rate enhancements 10 5 to 10 6 -fold above background (Table IA) . Thus, binding of this pre-organized activity module readily imparts activity into polypeptide chains that were neither designed nor selected for enzymatic function.
De novo a-helical proteins also display activity in the absence of cofactors It has been estimated that $50% of natural enzymes harbor a metal and/or other cofactor. 32 The remainder-half of the known enzymes-are able to catalyze reactions using only those chemical moieties found in the 20 amino acids and the polypeptide backbone. To assess the capabilities for unassisted catalytic activity in an unevolved a-helical superfamily, we measured two hydrolytic activities: esterase and lipase. We found that 30% of the sequences in the library show esterase activity and 20% show lipase activity. The esterase and lipase rate constants for the purified de novo proteins were 100-1000-fold above background. While this is a significant enhancement relative to the uncatalyzed reactions, it is considerably lower than is observed for natural esterases and lipases. Thus, both the frequency of ''hits'' and the levels of activity measured for the individual hits were much lower for the hydrolase screens than for the peroxidase screen. Presumably, this is because the hydrolase activities rely on the protein alone, whereas the peroxidase activity has the benefit of the bound heme.
Functional proteins occur frequently in unselected libraries
Our results suggest that libraries of novel sequences, which were neither selected by evolution (in vivo or in vitro) nor explicitly designed for function, can nonetheless yield proteins that bind biological cofactors and catalyze reactions. This is a surprising and unexpected result. Therefore, it is important to compare our findings with those observed in other systems.
Heme binding. Promiscuous heme binding was highlighted by a recent study of antibodies, which demonstrated that immunoglobulins have an intrinsic propensity to bind heme. 33 The immune system takes advantage of this binding to acquire new antigenic specificities. Moreover, sequestering free heme by antibodies is advantageous in fighting various pathological states that are accompanied by release of free heme into the circulation. The field of de novo design has also shown that heme binding is relatively easy to achieve. Many peptides and proteins have been designed to bind heme. [34] [35] [36] [37] [38] [39] [40] The diversity of these designs-and the frequency of their success-suggests that a great variety of sequences containing histidine side chains can readily bind heme. Indeed, the inherent propensity of polypeptides to bind heme was observed in one of the first designs of a novel heme protein, when it was found that not only the designed sequence bound heme, but a control ''retro'' sequence synthesized backwards also bound the cofactor. 34 Peroxidase activity. Peptides and proteins that bind heme often display peroxidase activity. For example, a proteolytic fragment of cytrochrome c in which the heme is covalently linked to an 11-residue peptide has long been known as microperoxidase. 41 Moreover, when antibodies bind heme promiscuously (see above), the resulting antibody/heme complexes are active as peroxidases. Numerous designed heme proteins also display peroxidase activity. 42 Hydrolase activity. Although the peroxidase activity of our de novo proteins requires the metallo-porphyrin cofactor, the hydrolase activities (esterase and lipase) occur without bound heme. Our finding that many of our proteins show hydrolase activity 100-1000-fold above background leads one to question whether this level of activity is easily achieved by other non-natural polypeptides. Indeed, several novel esterases have been rationally designed 43, 44 and/or isolated from combinatorial libraries. 45 These findings suggest that the presence of catalytic side chains, such as histidine, may suffice to yield rudimentary hydrolytic activity. This hypothesis is supported by findings that peptide dendrimers rich in histidine, and even nonpeptide polymers containing imidazole moities, can function as esterases. 46, 47 The frequent occurrence of heme binding, peroxidase activity, and hydrolase activity in other systems based on the polypeptide backbone and natural amino acid side chains is consistent with our results with binary patterned de novo proteins, and suggests that rudimentary activity is relatively common in the feedstock of evolution.
Specificity versus promiscuity in evolved and unevolved proteins
In contrast with most natural proteins, and even with the novel proteins reported in the literature (and summarized in the previous section), the binary code proteins exhibit activity across a variety of functions. For example, our results for esterase and lipase activities show that many proteins in our unevolved collection are active in both types of hydrolytic reaction. Thus, these de novo proteins are promiscuous hydrolases. This contrasts with natural hydrolytic enzymes, which usually are specific for particular types of substrates. Two examples of natural hydrolases, an esterase (PLE) and a lipase (phospholipase A2), are illustrative: PLE catalyzes the hydrolysis of the ester substrate, p-nitrophenyl acetate, with a rate enhancement of 10 6 above background, but acts on the related lipase substrate, p-nitrophenyl palmitate, with a rate enhancement that is only 10 4 above background. 48 Thus, PLE catalyzes lipid hydrolysis-a reaction for which it presumably has not evolved-with a level of activity that is only 10-fold higher than our de novo proteins which are indeed unevolved, and act promiscuously on the lipase substrate (Table IC) .
The second example of substrate-specific activity in natural hydrolases is the helical bundle, phospholipase A2. This lipase catalyzes the hydrolysis of phosphotidyl choline, but shows no activity towards the pnitrophenyl palmitate substrate used in our studies. 48 Thus, the promiscuous binary patterned de novo proteins are better catalysts for this lipase substrate than is the highly specific and non-promiscuous natural lipase.
Some of the de novo proteins that show activity as esterases and lipases also bind heme and catalyze the peroxidase reaction [ Fig. 5(B) ]. These proteins are highly promiscuous, consistent with Jensen's hypothesis that primitive enzymes had broad specificities, enabling them to act on a range of substrates, thereby enhancing the catalytic versatility of ancestral cells functioning with limited number of enzymes. 1 As described by Matsumura and coworkers, such proteins can be viewed as ''generalists'' rather than the ''specialists'' that typically arise after eons of natural selection. 49 Although promiscuity may have been advantageous in the early stages of evolution, 50 the eventual development of microbial cells adapted to specific niches, and of differentiated cells with particular functions in higher organisms required that proteins acquire specificity for particular substrates. Indeed, in modern organisms, promiscuous enzymes, such as hydrolases that cleave any variation of an ester bond, would be disadvantageous or even toxic.
Our results suggest that a simple folded structure may suffice to provide low levels of promiscuous activities in unevolved systems. Ultimately, however, evolution selects for sequences and structures that have high activity and exquisite specificity. As selection progresses, promiscuity is diminished and enzymes become specific for one function while loosing their ability to catalyze other types of reactions. 51 The results reported here indicate that for sequences capable of folding into protein-like structures, achieving some level of binding and/or catalytic activity is not difficult, 52 and can occur frequently in unevolved collections. Thus, the challenge-both for the early stages of biological evolution and for modern efforts in protein design-is not simply to produce activity, but to rein in the promiscuity of unevolved proteins, and ultimately produce biocatalysts that are highly active towards particular substrates. 53 The availability of our superfamily of unevolved proteins with low levels of promiscuous activity will enable further exploration into several aspects of molecular evolution. The collection can be combined with highthroughput screens such as phage display, 54 mRNA display, 55 and in vitro compartmentalization, 56 or with genetic selections in vivo 57 to isolate de novo proteins with high levels of unique (non-promiscuous) activity. Ultimately, the isolation of biologically active proteins from a designed library of de novo sequences would represent a significant advance in synthetic biology.
Materials and Methods
Screening in 96-well plates
The library of genes encoding the de novo proteins was constructed as described previously. 8 The library was cloned into an IPTG-inducible pET3a vector with ampicillin resistance. BL21(DE3) E. coli cells were transformed by electroporation, and colonies were picked and placed in 96-well plates (2 mL) containing auto-induction media (900 lL), and grown overnight on a plate shaker at 37 C. Auto-induction media was prepared by combining glycerol (0.4% v/v), glucose (0.05% w/v), and a-lactose (0.2% w/v) in LB/amp. Lipase assay. Samples were prepared by mixing protein supernatant (50 lL) and p-nitrophenyl palmiate (0.5 mM, Sigma) in activity buffer (50 mM TrisHClþ0.5% Triton X-100, pH 8) to a final volume of 200 lL. Product formation was detected at 405 nm 2 h after the addition of p-nitrophenyl palmitate.
Protein purification
Cells were streaked on Petri dishes and grown overnight. A single colony was picked, cells were grown in liquid culture, and DNA was purified. The DNA was sent for sequencing to ensure that the gene insert encoded the binary pattern. To ensure clonal purity, purified plasmid DNA was retransformed into fresh E. coli cells (BL21-DE3) prior to protein purification. These newly transformed cells were struck out, a single colony was picked, cells were grown in liquid culture, and protein over-expression was induced with IPTG (200 lg mL À1 ). (Note: An aliquot was also sent for resequencing to confirm that the appropriate protein sequence was purified). The protein was extracted from cells using the freeze-thaw method, and resuspended in MgCl 2 (100 mM) to extract the protein from the lysed cells.
14 Cellular contaminants were removed by acid precipitation (50 mM sodium acetate buffer, pH 4). The resulting supernatant was loaded onto a Poros 20 (Perseptive Biosysems) cation exchange column for purification. Protein was concentrated and exchanged into activity buffer using Centricon Plus-20 filters (Millipore).
Kinetic profiles and rate constants
Purified proteins were used for assays of peroxidase, esterase, and lipase activity. All assays were performed in 96-well plates in a final volume of 100 mL. Kinetic data was recorded using the Varioskan Flash Spectral Scanning Multimode Reader and SkanIt software (Thermo Fisher Scientific, Waltham, MA).
Peroxidase rate constants. Samples were prepared by mixing protein (50 lM) with hemin chloride (5 lM) and ABTS (1 mg mL À1 ) in activity buffer (50 mM Tris-HCl, pH 8). Since the heme concentration is much lower than protein concentration, we assume the heme-protein complex was 5 lM. Myoglobin from horse heart (Sigma) was used as a positive control at a concentration of 5 lM. The negative control included hemin chloride (5 lM) and ABTS (1 mg mL À1 ) in activity buffer (50 mM Tris-HCl, pH 8 
Electronic supplementary material
The supplementary material provides more detail regarding (1) the design template for binary patterned 4-helix bundle proteins and (2) protein purification.
